Effective isolation of tritium ( 3 H) and other contaminants at waste-burial facilities requires improved understanding of transport processes and pathways. Previous studies documented an anomalously widespread (i.e., theoretically unexpected) distribution of 3 H (>400 m from burial trenches) in a dry, sub-root-zone gravelly layer (1-2-m depth) adjacent to a low-level radioactive waste (LLRW) burial facility in the Amargosa Desert, Nevada, that closed in 1992. The objectives of this study were to: (i) characterize longterm, spatiotemporal variability of 3 H plumes; and (ii) quantify the processes controlling 3 H behavior in the sub-root-zone gravelly layer beneath native vegetation adjacent to the facility. Geostatistical methods, spatial moment analyses, and mass flux calculations were applied to a spatiotemporally comprehensive, 10-yr data set (2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011). Results showed minimal bulk-plume advancement during the study period and limited Fickian spreading of mass. Observed spreading rates were generally consistent with theoretical vapor-phase dispersion. The plume mass diminished more rapidly than would be expected from radioactive decay alone, indicating net efflux from the plume. Estimates of upward 3 H efflux via diffusive-vapor movement were >10´ greater than by dispersive-vapor or total-liquid movement. Total vertical fluxes were >20´ greater than lateral diffusive-vapor fluxes, highlighting the importance of upward migration toward the land surface. Mass-balance calculations showed that radioactive decay and upward diffusive-vapor fluxes contributed the majority of plume loss. Results indicate that plume losses substantially exceeded any continuing 3 H contribution to the plume from the LLRW facility during 2001 to 2011 and suggest that the widespread 3 H distribution resulted from transport before 2001.
Low-level radioactive waste burial facilities contain radionuclides that can persist at potentially hazardous concentrations for thousands of years (Ryan et al., 2007) . The long-term risks associated with LLRW highlight the need for effective waste isolation and pollution prevention strategies. Arid sites in the western United States have been identified as practical locations for the disposal of radioactive and hazardous wastes based on a combination of factors that contribute positively to waste isolation: sparse populations, thick unsaturated zones, low precipitation, and high evaporative demand (Ryan et al., 2007) . However, the processes controlling plume-scale contaminant transport in arid unsaturated zones are not fully understood.
Tritium accounts for much of the total radioactivity of LLRW. Migration of 3 H from LLRW burial facilities is of particular concern because 3 H readily replaces protium (or deuterium) in water, creating tritiated liquid water ( 3 HHO l ) and tritiated water vapor ( 3 HHO g ) (Jacobs, 1968) . The chemical properties of tritiated water ( 3 HHO g+l , gas + liquid) are virtually identical to ordinary water (Phillips, 1994) , allowing 3 HHO g+l to travel readily through the hydrosphere. The large quantity of 3 H disposed of at LLRW burial facilities, coupled with its greater than decadal half-life (4500 ± 8 d; Lucas and Unterweger, 2000) and proclivity for transport as 3 HHO g+l dictates that 3 H isolation will remain a concern well into the future. Tritiated water presents a risk to public health because it is ingested along with water, delivering radiation throughout the body. Tritium emits a low-energy b particle during decay (Evans, 1974) , and exposure to even small amounts of ionizing radiation increases the cancer risk in humans (National Research Council, 2006) . Release and migration of 3 H in groundwater has been well documented at multiple wasteburial sites (e.g., Garklavs and Healy, 1986; Taffet et al., 1991) . Studies have characterized
The spatiotemporal variability of a tritium plume in the shallow unsaturated zone and the mechanisms controlling its transport were evaluated during a 10-yr study. Plume movement was minimal and its mass declined by 68%. Upward-directed diffusive-vapor tritium fluxes and radioactive decay accounted for most of the observed plume-mass declines.
www.VadoseZoneJournal.org p. 2 of 15 the migration of 3 H through the unsaturated zone from underground nuclear testing at the Nevada National Security Site (Tompson et al., 2006; Maxwell et al., 2009 ), but limited information is available on plume-scale unsaturated zone transport of 3 H away from LLRW disposal sites. Investigations at the Amargosa Desert Research Site (ADRS) have identified long-distance distribution of 3 H in the 110-m-deep unsaturated zone adjacent to a commercial waste-disposal facility that accepted LLRW from 1962 until its closure in 1992. An early investigation suggested that liquid transport may have accounted for the unexpected 3 H concentrations observed more than 100 m from waste trenches (Striegl et al., 1996) . However, soil-moisture data collected for more than a decade within the upper 30 m of the unsaturated zone (Andraski, 1997; Johnson et al., 2007; Arthur et al., 2012) , multielectrode resistivity mapping of sediments in the upper 65 m (Lucius et al., 2008) , and the relatively small volume of liquid LLRW that may have been disposed of in trenches or lost in surface spills within the LLRW facility (U.S. Nuclear Regulatory Commission, 1976; ERM Program Management Co., written communication, 1996) all refute the possibility of long-distance, horizontal liquid transport in the subsurface. Subsequent studies have revised the conceptual model whereby subsurface transport away from the LLRW facility is dominated by stratigraphically controlled, preferential gas-phase transport through dry, coarsetextured strata. Results from Mayers et al. (2005) and Walvoord et al. (2008) showed that maximum 3 H concentrations in the deep unsaturated-zone profile occurred within a dry, sub-root-zone gravelly layer (1-2-m depth). Plume-scale mapping by Andraski et al. (2005) showed that preferential 3 HHO g transport in this laterally persistent, gravelly layer occurred to >400 m from LLRW burial trenches. This widespread distribution of 3 H underscores the need for further investigation of plume dynamics and controlling processes in the shallow unsaturated zone.
The objectives of this study were to: (i) characterize the long-term spatiotemporal variability of 3 H plumes; and (ii) quantify processes controlling 3 H behavior in the sub-root-zone gravelly layer beneath native vegetation. Unlike previous studies at the ADRS, this study utilized a two-component, 10-yr data set. The first component included soil-gas 3 H concentrations collected annually along two plume-intersecting transects (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) and the second component included three plume-scale synoptic samplings (2001, 2006, and 2011 ) of plant-water 3 H concentrations within a 71-ha area adjacent to the waste facility. In combination, these data allowed the evaluation of long-term plume development and attenuation. As a first approximation, the mechanisms driving 3 H movement in the liquid and gas phases were estimated independently using transect data. Quantitative measures of plume mass, velocity, trajectory, and spreading were evaluated with plume-scale data and spatial moment techniques (Aris, 1956) to gain insight into the processes controlling plume behavior. To our knowledge, this is the first application of spatial moments to gas-phase plume migration in the unsaturated zone. A plume-scale mass balance approach was used to compare 3 H losses with changes in plume mass to assess the relative magnitudes of processes controlling inputs to and/or losses from the plume. The long-term assessment of the 3 H plume improves understanding of fundamental transport processes and provides the scientific basis for risk assessment and management practices here and at similar sites.
Materials and Methods

Study Site
The ADRS is located in the Mojave Desert in southern Nevada, 17 km south of Beatty and 20 km east of Death Valley National Park (Fig. 1A) . The Mojave Desert is one of the most arid regions in the United States. Average precipitation at the site is 108 mm yr −1 (1981 -2011 Arthur et al., 2012) . Potential evaporation is about 1900 mm yr −1 (Nichols, 1987) . The site is underlain by unconsolidated alluvial and fluvial deposits to a depth of >175 m (Nichols, 1987) . Depth to water ranges from 85 to 115 m below the land surface (Fischer, 1992) . A soil layer (?0.75-1 m thick) overlies a laterally persistent layer composed of very gravelly coarse sand (?1 m thick) (Andraski, 1996) . These layers are hereafter referred to as root-zone soil and sub-root-zone gravel, respectively. The sediment layer beneath the sub-root-zone gravel is classified as very gravelly coarse sandy loam (Andraski, 1996) .
Vegetation is sparse and dominated by creosote bush [Larrea tridentata (DC.) Coville]. Total shrub-species groundcover at the ADRS is ?6.4%, and creosote-bush groundcover is ?4.0% . Creosote bush is a highly water-efficient evergreen shrub (Smith et al., 1997 ) that forms monotypic stands in the Sonoran, Chihuahuan, and Mojave deserts of North America (Mabry et al., 1977) . The root system of creosote bush can extend >4 m laterally (Gile et al., 1998) , and rooting depth corresponds with the typical penetration depth of meteoric water. At the ADRS, high potential soil evaporation, effective plant-water uptake, and a capillary break formed at the interface between the root-zone soil and sub-root-zone gravel inhibit rooting and percolation of meteoric water below ?0.75-1-m depth (Andraski, 1997) . In areas devoid of vegetation, percolation of meteoric water can exceed 1 m. Beneath native vegetation, water content in the rootzone soil varies seasonally from 0.02 to 0.12 m 3 m −3 and in the sub-root-zone gravel is nearly constant at 0.05 ± 0.009 m 3 m −3 (2001 Johnson et al., 2007) .
Low-level radioactive wastes were buried at the waste-disposal facility from 1962 to 1992, and hazardous chemical wastes continue to be disposed of there (1970-present) (Fig. 1B) . The LLRW was buried in 22 unlined trenches. Licensing requirements stipulated that all liquid LLRW be solidified with Portland cement before emplacement; however, an investigation by the U.S. Nuclear Regulatory Commission found that at least 2270 m 3 of liquid waste was disposed directly into burial trenches between 1962 and 1975 (U.S. Nuclear Regulatory Commission, 1976 a documented 1978 spill of <2 m 3 of liquid waste occurred and was contained within the LLRW area (ERM Program Management Co., written communication, 1996; Andraski et al., 2005) . Before 1985, regulations did not require that LLRW be differentiated from other hazardous chemical wastes, and disposed radioactive waste was accordingly comingled with varying amounts of volatile organic compounds, acids, bases, and other hazardous chemicals (Ryan et al., 2007) . Thus, the LLRW area (Fig. 1B) contains such mixed waste. With a total activity of 1.27 ´ 10 16 Bq, 3 H is the most common of the nearly 400 radionuclides disposed of at the facility (58% of the total activity) (Nevada State Health Division, unpublished data, 1992) .
Transect Tritium Data and Analyses
Soil-Water-Vapor Sampling and Laboratory Analyses
Samples of soil water vapor were collected annually along the south transect (2001-2011) and west transect (2003-2011) and at a distant (background) site (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (Fig. 1B) . Each transect passed through a plume originally identified in 2001 . Samples were collected by extracting soil gas from vapor probes (Schedule 80 black-steel pipe, 5.5-mm i.d.) driven to 0.5-and 1.5-m nominal depths corresponding with root-zone soil and sub-root-zone gravel, respectively. Soil gas was pumped through a dry-ice freeze trap with a downstream pump until a sufficient volume of soil water vapor was captured as ice. Further details on field sampling were given by Andraski et al. (2003) . Tritium activities were determined by liquid scintillation counting (Thatcher et al., 1977) .
Tritiated Water Mass Flux Calculations
Vertical advective-liquid, dispersive-vapor, diffusive-liquid, and diffusive-vapor 3 H mass fluxes between the sub-root-zone gravel and root-zone soil were estimated using 3 HHO g concentrations measured in those layers at vegetated transect sampling locations 25 to 400 m from the LLRW area (Fig. 1B) . Although liquid and vapor transport are coupled processes, as a first approximation fluxes were estimated independently because the low water contents of the shallow unsaturated zone minimize transport coupling between liquid and gas phases . Liquid tritiated-water concentrations were estimated from measured 3 HHO g concentrations assuming instantaneous isotopic equilibrium between liquid and gas phases and using a fractionation factor of 1.108 (Ferronsky and Polyakov, 1982) .
Lateral diffusive-vapor mass fluxes in the sub-root-zone gravel were estimated perpendicular to the facility between the 25-to 100-, 100-to 200-, 200-to 300-, and 300-to 400-m sampling locations using sub-root-zone gravel 3 HHO g concentrations measured along each transect (Fig. 1B) . Lateral advective-liquid and diffusive-liquid fluxes were ignored because liquid connectivity in sub-root-zone gravel was assumed to be negligible due to low water content. Lateral advective-vapor fluxes were not estimated because no data on LLRW-source gas pressures and temperatures were available to assess their potential influence on transport processes outside the LLRW area.
For mass flux estimates, 3 HHO g concentrations were converted to mass fractions of 3 HHO g in water vapor and 3 HHO l concentrations were converted to mass fractions of 3 HHO l in liquid water according to a general conversion factor (Stonestrom et al., 2013) :
where X is the mass fraction of 3 HHO g+l , and Y is the 3 HHO g+l activity in tritium units (one tritium unit = 0.1184 Bq L −1 ). Masses of 3 HHO g and 3 HHO l then were determined using Henry's law for mean annual ambient soil-atmosphere conditions in the upper 2 m of soil (21.5°C, 92 kPa, 96.5% relative humidity), yielding an equilibrium constant H of 1.6 ´ 10 −5 .
Lateral and vertical diffusive 3 HHO g+l mass fluxes were estimated using (Pruess et al., 2012) 
where J db is diffusive mass flux in phase b (l for liquid or g for gas); f is total porosity; t 0 t b is tortuosity, where the coefficients (t 0 and t b ) are dependent on the porous medium and phase saturation Vertical advective mass fluxes of 3 HHO l (J al ) were estimated using al w l
where J w is liquid water flux and l X is the 3 H mass fraction in the liquid phase; J w was based on the average flux beneath native vegetation as reported by Andraski (1997) : J w = 1.2 ´ 10 −13 kg m −2 s −1 .
Vertical dispersive mass fluxes of 3 HHO g due to barometric pumping were estimated using (Parker, 2003) 
where J Dg is dispersive flux of 3 HHO g , D Dg is a dispersion coefficient driven by barometric fluctuations, and X g is the 3 H mass fraction in the gas phase; D Dg was estimated using (Parker, 2003) a b Dg 0
Pd rv
where f a is air-filled porosity, DP is the average diurnal barometric forcing, d b is the depth of barometric pressure propagation, r is the dispersivity/travel distance ratio, v is the vertical mean travel distance from the land surface to the top of the contaminant zone, P 0 is the average barometric pressure, and t is time period. Parameter values were based on those used by Smith et al. (1999) , Parker (2003) , and Andraski et al. (2005) : v = 1 m (depth to sub-root-zone gravel); d b = 108 m (average depth to the capillary fringe); f a = 0.20 (average air-filled porosity for root-zone soil and sub-rootzone gravel); t = 1 d; DP = 0.4 kPa; P 0 = 92 kPa; and r = 0.02.
Plume-Scale Tritium Data and Analyses
Plant and Soil-Water-Vapor Sampling and Laboratory Analyses
Large-scale sampling of plants was done during each of three synoptic sampling years (2001, 2006, and 2011) to evaluate changes in concentration distributions beneath native, vegetated soil within a 71-ha area adjacent to the waste-disposal facility (Fig.  1B) . Methods presented by Andraski et al. (2003 Andraski et al. ( , 2005 were used for the plant sampling and for the development of predictive regression relations between plant 3 HHO l and 3 HHO g concentrations in the root-zone soil and sub-root-zone gravel. Briefly, for each synoptic sampling year, >100 creosote bush foliage samples were collected, foliage water was extracted from the creosote bush foliage in the field using solar distillation, scintillation-interfering constituents were removed by laboratory filtration and adsorption on graphite-based media, and 3 H activities were determined by liquid scintillation counting. Co-located soil-water-vapor samples were collected along with the plant samples at select locations, and the paired data were used to develop the predictive relations for each year.
Tritiated Water Vapor Distributions
Spatially continuous sub-root-zone gravel 3 HHO g concentrations were estimated for each of the 2001, 2006, and 2011 synoptic sampling years using a two-step process. First, plant 3 HHO l concentrations were used with ordinary kriging procedures (e.g., Isaaks and Srivastava, 1989; Webster and Oliver, 2007) to estimate spatially continuous plant 3 HHO l concentrations, and then the resultant distribution was converted to sub-root-zone gravel 3 HHO g concentrations using the predictive regression relation developed from the co-located plant and subsurface sample pairs (2001, n = 17; 2006, n = 22; 2011, n = 20) . The successive subroot-zone 3 HHO g distributions were used to evaluate large-scale, temporal plume variability. Kriging analyses were performed with the Geostatistical Analyst extension of ArcGIS 10.1 (Johnston et al., 2003) . A log 10 data transformation was applied to improve the normality of the plant 3 HHO l concentration distribution and reduce skewness before performing kriging analyses. Following Andraski et al. (2005) , plant data were fitted with a Gaussian semivariogram model. The synoptic study area (Fig. 1B ) was discretized into 25-m 2 grid cells for kriging estimates (n = 28,500). For each grid cell, the kriged estimate of plant 3 HHO l concentration was converted to sub-root-zone gravel 3 HHO g concentration using the appropriate regression relation.
Propagation of uncertainties (one sigma) in the estimation of spatially continuous, sub-root-zone 3 HHO g concentrations was evaluated with stepwise accounting (Taylor, 1997) . Three operations were included in this analysis: (i) liquid scintillation counting,
(ii) interpolation via kriging, and (iii) regression estimation of sub-root-zone gravel 3 HHO g from plant 3 HHO l . For all three, operations were reduced to individual, stepwise, single-variable functions q(x), where x is the measured value with uncertainty d x , and d q is the propagated uncertainty, described using
Tritiated Water Vapor Migration Characteristics
To evaluate large-scale plume dynamics, zeroth-, first-, and secondorder spatial moment analyses were used to quantify the total plume mass, center-of-plume mass, and spatial covariance of the concentration distribution, respectively. Spatial moments were calculated using the plant-kriging-based, sub-root-zone gravel 3 HHO g concentration distributions beneath native, vegetated soil that were estimated from the 2001, 2006, and 2011 synoptic sampling events. Concentrations were assumed to be vertically uniform within the sub-root-zone gravel, so a two-dimensional approach was used.
Methods outlined by Freyberg (1986) were modified to describe two-dimensional, ijth spatial moments of concentration distribution for a gas-phase (i.e., 3 HHO g ) plume:
where i + j = 0, 1, or 2 for the zeroth-, first-, and second-order moments, respectively; f a is air-filled porosity; C(x,y) is the abovebackground concentration field (i.e., locations with concentrations >1.39 Bq L -1 ); and x and y are spatial coordinates. Tritiated water vapor concentrations were converted to mass fractions of 3 HHO g in water vapor according to Eq.
[1]. The zeroth-order spatial moment describes the total plume mass (M 0,0 ):
The coordinates of the center-of-plume mass (X c and Y c ) were described by the first-order spatial moment normalized by total mass, calculated as
Analysis of successive first-order spatial moments with time (2001, 2006, and 2011) provided a measure of the large-scale mean velocity and trajectory of the plume:
where U is the average plume velocity vector. The second-order spatial moment describes the spreading of the plume about its center of mass and is defined by the spatial covariance tensor (s) of concentration distribution. In two dimensions, spatial covariance tensors s xx and s yy were calculated to describe longitudinal and transverse plume characteristics, respectively, using
The uncertainty of total plume mass, center of mass, and spatial covariance estimates was described using the general equation for uncertainty in a function of several variables (Taylor, 1997) :
where d q is the propagated uncertainty for the multivariable function q(x,y,…,n) with x, y, …, n measured values and d x , d y , …, d n respective independent, random uncertainties.
The spatial covariance tensor has been shown to be related to the dispersion coefficient (D) of a solute (Aris, 1956; Freyberg, 1986) . Under assumptions of a steady, uniform pore water velocity field, pulse input of conservative solute, and transport governed by the classic advection-dispersion model, the relation for D and s is (Freyberg, 1986) ( )
This relation has been used to derive field-scale estimates of D for use in groundwater contamination applications, but to our knowledge, dispersive characteristics of gas-phase contaminants in the unsaturated zone have not been described using this approach. 
where D g is the molecular diffusion coefficient of 3 HHO g in air, t 0 t b is the tortuosity of sub-root-zone gravel, a is the dispersivity, and |U| is the magnitude of the average gas-phase velocity vector U (Eq. . Two values of t 0 t b were specified: 0.19 and 0.14. These values were based on Pruess et al.
(2012) (t 0 t g = f 1/3 S g 10/3 ) and Parker (2003) 
respectively, where f = 0.18 and S g is the gas saturation based on an average water content of 0.05 m 3 m −3 in the sub-root-zone gravel. Minimum and maximum values of longitudinal dispersivity (a xx ) and transverse dispersivity (a yy ) were specified based on the values reported by Gelhar et al. (1992) (a xx = 0.4 and 200 m; a yy = 0.1 and 67 m). These four values represent the maxima and minima for a range of a xx and a yy values specified from liquid-phase tracer tests, contamination events, and environmental tracers in porous media for a 100-m plume scale reported by Gelhar et al. (1992) . This plume scale is similar to the distance between the south-plume center of mass and the LLRW area boundary.
Tritiated Water Mass Balance
Mass balance techniques were applied within a sub-root-zone gravel control volume beneath native, vegetated soil adjacent to the waste disposal facility ( Fig. 2A) to compare the observed changes in plume mass with calculated losses from radioactive decay and upward-directed diffusive-vapor flux. The control volume included sub-root-zone gravel locations where plant-kriging-based 3 HHO g concentrations were ³25 Bq L −1 (?20´ background) for any of the 2001, 2006, and 2011 plume synoptics. This cutoff value accounted for >99% of the total plume mass and extended the control volume into the data-limited northern area ( Fig. 2A) where 3 HHO g estimates are subject to greater uncertainty, but this area accounted for <1% of the total mass in the control volume.
The control volume was discretized into 25-m 2 grid cells (Fig. 2B ).
The conceptual model assumed that 3 HHO g+l in each grid cell resulted from subsurface input of 3 HHO g from the LLRW area, preferential lateral migration of 3 HHO g in the sub-root-zone gravel, generation of 3 HHO g+l by instantaneous equilibrium with native, uncontaminated pore water, and the subsequent loss of 3 HHO g+l by radioactive decay and upward-directed vapor diffusion. These two loss mechanisms were chosen because the magnitudes of each were anticipated to have a large influence on the changes in plume mass. For example, the half-life of 3 H (12.32 yr) dictated that radioactive decay would deplete a considerable portion of the 3 H mass during the 10-yr study period. Additionally, Andraski et al. (2005) identified upward-directed diffusive-vapor flux as the dominant vertical transport mechanism for 3 HHO g+l within sub-root-zone gravel beneath native, vegetated soil, i.e., one to five orders of magnitude greater than other fluxes. Incorporating these two mechanisms yields the transient equation for the mass balance of 3 HHO g+l in sub-root-zone gravel grid cells that is depicted in Fig. 2B :
where Dm is the temporal change in 3 HHO g+l mass storage, q decay is loss from radioactive decay, q diff is loss from upwarddirected diffusive-vapor 3 H flux to the root-zone soil (Eq.
[2]), and q residual is the difference between Dm and (q decay + q diff ). According to the mass balance conventions, a positive q residual indicates 3 HHO g+l mass input from the LLRW area and a negative q residual indicates losses from mechanisms not included in Eq.
[17]. To determine vertical concentration gradients between sub-root-zone gravel and root-zone soil for q diff estimates for each , where Dm is the change in tritiated-water mass storage with time, q decay is tritium loss due to radioactive decay, q diff is upwarddirected diffusive-vapor mass flux, and q residual is difference between Dm and (q decay + q diff ).
grid cell, root-zone soil 3 HHO g concentrations were also estimated for 2001, 2006, and 2011 . Like the sub-root-zone gravel distributions, root-zone soil 3 HHO g concentration distributions were estimated based on kriged plant 3 HHO l concentrations and predictive regression relations determined from the co-located plant 3 HHO l and root-zone soil 3 HHO g sample pairs (2001, n = 10; 2006, n = 15; 2011, n = 15 [1] and a fractionation factor of 1.108. Masses of 3 HHO g and 3 HHO l were assumed to be vertically uniform within the subroot-zone gravel and were estimated with H = 1.6 ´ 10 −5 and sub-root-zone gravel lithologic and hydraulic properties: f = 0.18 (Andraski, 1996) and water content = 0.05 m 3 m −3 (Johnson et al., 2007; Arthur et al., 2012) , yielding a 3 HHO g / 3 HHO l mass ratio of ?1:23,500. Losses (q decay and q diff ) were estimated from m inital for each time step.
Individual estimates of Dm, q decay , q diff , and q residual were summed across all grid cells (n = 12,063) and time steps (n = 261) during each 5-yr interval to determine the respective cumulative values for change in mass (DM), mass loss from radioactive decay (Q decay ), mass loss from upward-directed diffusive-vapor flux (Q diff ), and the difference between DM and Q decay + Q diff (Q residual ). Analogous to Eq.
[17], the resultant cumulative mass balance equation for each 5-yr interval is ( )
A comparison of Q decay , Q diff , and Q residual using weekly time steps and daily time steps showed a difference of <1%, indicating that weekly temporal discretization accurately accounted for transient q decay and q diff processes.
6 Results and Discussion
Transect Tritium Data and Analyses
Tritiated Water Vapor Concentrations
Spatial and temporal concentration trends for root-zone soil and sub-root-zone gravel 3 HHO g concentrations measured along the south and west transects are shown in Fig. 3 . Within 200 m of the facility, the 3 HHO g concentrations in the root-zone soil and subroot-zone gravel were >50´ greater than the average background concentrations (0.78 and 1.39 Bq L −1 , respectively). Beyond 200 m, concentrations were typically £10´ background. Average concentrations in the root-zone soil and sub-root-zone gravel (0-2-m depth) within 200 m of the facility were fivefold less for the south transect (701 Bq L −1 , Fig. 3A and 3B ) than for the west transect (3492 Bq L −1 , Fig. 3C and 3D ). Sub-root-zone gravel concentrations within 200 m of the facility were typically greater than co-located root-zone soil concentrations (Fig. 3) , indicating that vertical concentration gradients were typically directed upward. Sub-root-zone gravel concentrations were, on average, 2.8´ greater than co-located root-zone soil concentrations within 200 m of the facility, although there was substantial variability among locations (standard deviation = 1.7´).
The maximum concentration along the south transect was 2154 Bq L −1 (2001, sub-root-zone gravel at the 100-m location; Fig. 3B ). The maximum concentration along the west transect was 11,970 Bq L −1 (2003, sub-root-zone gravel at the 0-m location; Fig. 3D ).
Temporal trends generally showed decreases near the facility (Fig. 3) . For example, south-transect root-zone soil 3 HHO g concentrations measured within 100 m of the facility (Fig. 3A) and sub-root-zone gravel concentrations within 200 m of the facility (Fig. 3B ) all decreased significantly (P £ 0.05) with time. West-transect root-zone soil and sub-root-zone gravel 3 HHO g concentrations measured within 100 m of the facility ( Fig. 3C and  3D ) also decreased significantly with time; however, west-transect sub-root-zone concentrations 200 m from the facility (Fig. 3D ) increased significantly with time, suggesting continued spreading of 3 H along the west-plume margin.
Tritiated Water Mass Fluxes
Total vertical 3 HHO g+l mass fluxes and lateral diffusive 3 HHO g mass fluxes estimated annually beneath native, vegetated soil along the south and west transects are shown in Fig. 4 . For the south transect, within 200 m of the facility the average total vertical fluxes (12 pg m −2 yr −1 ) were 40´ greater than the average lateral diffusive-vapor fluxes (<1 pg m −2 yr −1 ) ( Fig. 4A and 4B) . Similarly, for the west transect, within 200 m of the facility the average total vertical fluxes (21 pg m −2 yr −1 ) were 20´ greater than the average lateral diffusive-vapor fluxes (1 pg m −2 yr −1 ) ( Fig. 4C and 4D ). These results highlight the importance of upward movement of 3 HHO g into the root-zone soil. Within 200 m of the facility, the average total vertical fluxes were nearly twofold greater for the west transect than for the south transect ( Fig. 4A and 4C ), reflecting the greater concentrations measured along the west transect.
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Similarly, the average lateral diffusive-vapor fluxes were more than threefold greater for the west transect than for the south transect ( Fig. 4B and 4D ). For both the south and west transects, >99% of the total vertical fluxes were within 200 m of facility and >99% of lateral diffusive-vapor fluxes were within 300 m of the facility.
The average vertical mass flux for each component of the total flux of 3 HHO g+l along both transects was (decimal fraction ± one standard deviation): advective liquid, <0.001 ± 0.0; dispersive liquid, 0.009 ± 2.0 ´ 10 −7 ; diffusive liquid, 0.045 ± 1.0 ´ 10 −6 ; and diffusive vapor, 0.945 ± 2.0 ´ 10 −5 . Each average is based on 99 individual, yearly flux estimates at n = 10 total sampling locations during 2001 to 2011 (Fig. 1B) . Results show that diffusive-vapor fluxes consistently contributed the majority (?95%) of subsurface vertical 3 HHO g+l movement beneath native vegetation during the 10-yr study period. This is consistent with earlier findings by Andraski et al. (2005) , who reported similar behavior using transect data from a single year (2001).
Plume-Scale Tritium Data and Analyses
Tritiated Water Vapor Distributions
Sub-root-zone gravel 3 HHO g distributions within the synoptic study area are shown in Fig. 5 . Distributions were estimated using kriged plant 3 HHO l concentrations and predictive plant-water and soil-water-vapor regression relations. These relations were highly significant (P < 0.01) for all three synoptic sampling years and explained >85% of the variation in the data (2001, r 2 = 0.90; 2006 and 2011, r 2 = 0.86).
Sub-root-zone gravel 3 HHO g distributions for each synoptic sampling year show distinct plumes to the south and west of the facility (Fig. 5A , 5B, and 5C). The disposal history suggests that the south and west plumes may have been introduced independently. The south plume location is in the vicinity of a documented 1978 surface spill of liquid waste (<2 m 3 ) that occurred and was contained within the LLRW area. The west plume is adjacent to the largest trench ( Fig. 2A) with the most recently emplaced waste (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) , but there is no associated documented spill. Differences in 3 H input pathways and timing for the south and west plumes may have influenced individual plume behavior during the study period. Accordingly, the study area was divided into south-plume and westplume sections for independent analyses ( Fig. 2A ).
For each of the three synoptic sampling years, the maximum estimated concentration for the south plume was nearly an order of magnitude less than for the west plume (Fig. 5A , 5B, and 5C). The greatest concentrations were estimated for 2001 (south plume, 2580 Bq L −1 ; west plume, 19,020 Bq L −1 ). Changes in south-and west-plume concentration isopleths show that the peak concentrations decreased substantially and the plumes spread with time ( Fig.  5A , 5B, and 5C). Superimposition of the 2001 and 2011 plume distributions indicates the locations of plume advancement along the lower concentration margin areas (Fig. 5D ). Using 25 Bq L −1 as a threshold value, the total plume footprint area increased by 9% between 2001 and 2011. The spreading indicated by Fig. 5D is consistent with temporal concentration increases documented for the west-transect 200-m sampling location (Fig. 3D ).
The propagation of uncertainty for the steps used to estimate spatially continuous sub-root-zone 3 HHO g concentrations from synoptic plant 3 HHO l samples is summarized in Table 1 . The cumulative uncertainty (A, B, and C) for each grid-cell concentration estimate was 70% when averaged across the three synoptic-sampling years. This level of uncertainty is relatively small when compared with the observed four to five order-of-magnitude range of 3 HHO g concentrations associated with each synoptic sampling event, giving confidence in the Andraski et al. (2005) approach used in this study and providing the basis for subsequent spatial moment uncertainty estimates.
Tritiated Water Vapor Migration Characteristics
Sub-root-zone gravel 3 HHO g masses (zeroth-order spatial moment) of the south, west, and combined plumes for 2001, 2006 , and 2011 are given in Table 2 . The results show that the west plume contained the majority (81-89%) of the combined sub-root-zone gravel 3 HHO g mass. The 3 HHO g masses for the south and west plumes decreased by similar proportions (71 ± 2 and 68 ± 3%, respectively) between 2001 and 2011. This result suggests that the mechanisms driving changes in mass for the south and west plumes may be similar even though the 3 H input pathways and input timing for the two plumes may have been different. A 43% decline in mass between 2001 and 2011 would be expected solely from 3 H decay-substantially less than the 68 to 71% decline that was observed. Uncertainty for sub-root-zone gravel 3 HHO g mass estimates ranged from 1 to 3%. 6B and 6C ). The general directional trend for changes in the south plume center of mass may indicate quantifiable bulk-plume movement to the southeast during the 10-yr study period. For the west plume, changes in center-of-mass locations showed no apparent spatial or temporal trends. Overall uncertainties for center-of-mass locations ranged from 8 to 43 m for the south plume and 21 to 55 m for the west plume.
The south and west plumes were treated independently in the above analyses, but interaction between the two plumes is likely because of their inherent interconnectivity. Typically, center-of-mass movement with time is an indication of bulk-plume advection; however, the observed south plume movement may be the result of peripheral, Fickian-type diffusive spreading of the west plume about its center of mass. The direction of the south plume's center-of-mass movement with time-to the southeast, away from the west-plume center of mass-provides general support for this hypothesis. If driven solely by advection from the LLRW area ( Fig. 2A and 6A) , the center-of-mass movement would probably be to the south, directly away from the waste trenches.
Plume spreading about the center of mass (second-order spatial moment) was directionally described by the spatial covariance tensors. The orientation of the tensors for the south and west plumes is shown in Fig. 6A . For the south plume, the coordinate system was rotated 32° clockwise to correspond with the mean direction of mass movement. For the west plume, the coordinate system was not rotated because movement was within the range of uncertainty and not in a consistent direction. Individual longitudinal and transverse spatial covariance estimates are shown for the south plume (s x¢x¢ and s y¢y¢ ) and west plume (s xx and s yy ) in Fig. 7 . Uncertainties for each covariance estimate ranged from 6 to 19%. The time rate of change of longitudinal and transverse spatial covariance for both the south plume (ds x¢x¢ /dt and ds y¢y¢ /dt) and the west plume (ds xx /dt and ds yy /dt) indicate that spreading about the plume centers of mass continued during the 10-yr study Table 1 . Stepwise propagation of uncertainties for plume-scale synoptic study area calculations associated with (A) liquid scintillation counting, (B) kriging interpolation, and (C) regression estimation of tritiated water-vapor ( 3 HHO g ) concentrations in sub-root-zone gravel (1-2-m depth) from tritium concentrations in plant water ( 3 HHO l ) (creosote bush). 2001  10  32  34  51  69  2006  9  21  24  64  78  2011  6  32  33  47 62 † Average for all columns is based on n = 28 500 individual grid cell estimates within the combined south and west plume synoptic study areas (Fig. 2A) . ‡ Quadratic addition of (A), (B), and (C) components used to calculate cumulative (A and B; A, B, and C) uncertainties.
period. These findings are consistent with the observed increases in plume footprint size (9%) and increasing concentrations along the plume margins (Fig. 5D ).
Field-scale, longitudinal and transverse dispersion coefficients were approximated for the south plume (D x¢x¢ and D y¢y¢ ) and west plume (D xx and D yy ) using Eq.
[15] and the time rate of change of the spatial covariance tensors (ds/dt) shown in Fig. 7 . For comparison, field-scale dispersion coefficients are presented in Fig. 8 , along with a range of theoretically derived dispersion coefficients for 3 HHO g in the sub-root-zone gravel (Eq.
[16]). For the west plume,
where the center-of-mass movement was within the range of uncertainty, the mechanical mixing term, a|U|, in Eq.
[16] was ignored. For the south plume, where bulk-plume movement was observed, a range of longitudinal a values (a x¢x¢ = 0.4-200 m) and transverse a values (a y¢y¢ = 0.1-67 m) was used in the mechanical mixing term and a range of theoretically derived D x¢x¢ and D y¢y¢ was calculated. For the south plume, comparison of the field-scale and theoretical D x¢x¢ and D y¢y¢ estimates indicates that observed plume spreading was within the expected range for 3 HHO g transport (Fig. 8) . For the west plume, field-scale and theoretically derived D xx were also in good agreement, but the field-scale estimate of D yy was outside the range of theoretically derived values (Fig. 8) . The observed D yy discrepancy may reflect the greater uncertainty of ds yy /dt compared with other ds/dt estimates (Fig. 7B) .
The observed D yy discrepancy highlights the general limitations of the field-scale and theoretically derived dispersion estimates for both plumes. For theoretically derived estimates, these limitations include the assumption of a conservative solute. For example, Zhang (1995) noted that first-order decay reduces dispersion, but this is not accounted for in Eq. [16] . For field-scale estimates, p. 12 of 15 limitations include plume truncation by exclusion of the unknown 3 HHO g+l mass within the LLRW area and unaccounted for interactions between the south and west plumes, both of which may affect spatial covariance estimates. Additionally, the theoretically derived dispersion estimates for 3 HHO g transport ignore transport coupling between the liquid and gas phases.
Additional calculations were performed to compare the field-scale dispersion estimates with theoretically derived dispersion estimates for coupled gas-and liquid-phase 3 HHO g+l diffusion. The observed bulk stationarity of the west plume suggests that D xx and D yy (Fig. 8 ) reflect diffusion that is unaffected by mechanical mixing processes (e.g., a|U| = 0 in Eq.
[16]). Accordingly, theoretically derived estimates for coupled gas-and liquid-phase 3 HHO g+l diffusion, D*, were also calculated (data not shown) for the west plume using (Smiles et al., 1995) 4/3 4/3 l l g g
where the volume fractions of liquid water (q l ) and soil gas (q g ) in the sub-root-zone gravel are 0.05 and 0. The reason for this discrepancy is unclear, but we speculate that it may reflect insufficiencies in the instantaneous isotopic equilibrium assumption. For example, native pore water may not serve as an instantaneous or complete sink for diffusing gas-phase contaminants, allowing more rapid, gas-phase-dominated transport.
Tritiated Water Mass Balance
For purposes of determining vertical concentration gradients for q diff calculations in Eq.
[17], root-zone soil 3 HHO g distributions were estimated following the approach used to estimate sub-rootzone gravel 3 HHO g distributions from synoptic plant 3 HHO l concentrations. Relations for plant 3 HHO l and root-zone 3 HHO g concentrations were highly significant (P < 0.01) for all three synoptic sampling years and explained >90% of the variation in the data ( One possible mechanism for increased mass loss is downwarddirected diffusive-vapor flux. Although field observations are limited, this mechanism is supported by gradients determined from 3 HHO g concentrations measured in the sub-root-zone gravel and at greater depths (4.9-5.5 m) in two unsaturated boreholes in the south plume (data not shown). Downward gradients at these two locations were consistently less steep than the co-located upward gradients during 2001 to 2011 (2.5´ less on average). If this average downward gradient is applied to all grid cells in the mass balance control volume ( Fig. 2A) , then the associated downward-directed fluxes would also be about 2.5´ less than the upward-directed fluxes reported here. Adding these associated downward-directed diffusive-vapor flux to Q decay and Q diff would increase the total mass loss during each interval by 3%, on average.
Another possible mechanism for increased mass loss is thermally driven flow of 3 HHO g from the sub-root-zone gravel. The importance of thermal water-vapor flux in arid environments has been well documented (e.g., Fischer, 1992; Andraski, 1997; Garcia et al., 2011) . Using the maximum thermal vapor flux in sub-root-zone gravel (10 −8 cm s −1 ) reported by Fischer (1992) results in associated 3 HHO g fluxes that are <1% of the upward-directed diffusive-vapor fluxes. Thus, this mechanism probably makes a negligible contribution to the total 3 HHO g+l loss.
The "bulls-eye" distribution of the south plume (Fig. 5) indicates that lateral concentration gradients in some locations were directed toward the facility. Unlike the outer boundary of the mass balance control volume, the inner boundary of the control volume truncated the plumes ( Fig. 2A) , and lateral migration of 3 HHO g out of the control volume across this boundary would not be accounted for in mass balance calculations. However, the calculated lateral concentration gradients were much less steep than vertical gradients, and preliminary estimates of potential mass losses by lateral Table 3 . Cumulative plume-scale changes in sub-root-zone gravel (1-2-m depth) tritiated water ( 3 HHO g+l ) mass (DM), losses due to radioactive decay (Q decay ) and upward-directed diffusive-vapor mass fluxes (Q diff ), and difference between DM and Q decay + Q diff (Q residual ) calculated within the mass balance control volume ( Fig. 2A) for two 5-yr intervals.
Interval DM diffusive-vapor fluxes along the south and west facility boundaries were <1% of the upward-directed diffusive-vapor fluxes.
Estimated loss
The negative Q residual may also reflect uncertainties in field conditions and assigned parameters. These include simplifying assumptions for hydraulic and lithologic properties. For example, although the water content has been shown to be temporally invariant in sub-root-zone gravel beneath vegetated soil (Johnson et al., 2007; Arthur et al., 2012) , Andraski (1997) reported that the standard error of estimate for the associated neutron probe measurements was ±0.009 m 3 m -3 . Mass balance calculations made using sub-root-zone gravel water content that was reduced by 0.009 m 3 m -3 resulted in an 18% decrease in the amount of 3 H stored as 3 HHO l and this, in turn, reduced the total plume mass for 2001, 2006 , and 2011 and decreased DM. However, the same reduction in water content conversely increased f a and resulted in an increase in Q diff . In combination, this scenario resulted in a small (2%) increase in the combined 3 HHO g+l losses (Q decay + Q diff ) from 64 to 66% of DM, on average. In addition, temporal variations in the root-zone soil water content could also influence Q diff , but short-term variations were not accounted for in the mass balance calculations. Episodic infiltration of 3 H-poor meteoric water into the root zone, its rapid equilibration with 3 H-rich ambient root-zone moisture, and subsequent discharge from the root zone by evapotranspiration (ET) may periodically steepen concentration gradients from sub-root-zone gravel to root-zone soil. Another simplifying assumption is that the sub-root-zone gravel is root free. Although well demonstrated by soil-moisture data, even sporadic root penetration into the sub-root-zone gravel may contribute to ET-related losses that are not accounted for here. Both of these processes could lead to increases in cumulative Q diff losses. Also, dispersive fluxes from barometric pumping were excluded from the mass balance calculations because they were shown to be a small component of the total vertical transect 3 HHO g+l mass fluxes (<1%). However, Parker (2003) acknowledged that the assigned scaling factor for dispersivity/travel distance ratio, r = 0.02 (Parker, 2003; Andraski et al., 2005) , is the median of a range within data scatter from 0.002 to 0.1 reported by Gelhar et al. (1992) for lateral transport in groundwater. Given that permeability variations increase dispersivity, the presence of root channels and animal burrows in the shallow unsaturated zone may enhance gas dispersivity. Using the maximum scaling factor in Eq.
[5] produced an estimated 3 HHO g+l loss of 0.001 mg. Thus, the effect was only a small (<1%) increase in the combined 3 HHO g+l losses.
Relative to the uncertainty of plume mass estimates used for mass balance calculations, ongoing 3 H contribution to the plume from buried LLRW during the 10-yr study period was not evident from the results that were gathered. Thus, the majority of 3 H plume mass adjacent to the facility appears to have been introduced before 2001. These observations are consistent with spatial moment findings, which do not show evidence of increasing plume mass or bulk-plume advancement away from buried LLRW. This suggests that plume behavior during the present study period represents long-term, post-closure contaminant migration processes. A process that may have intercepted some lateral 3 H emanations from the LLRW area and limited waste-source 3 H input to the plume is a downward-directed advective-liquid flux beneath the devegetated access/service road encircling the facility (Fig. 1) . For example, Andraski et al. (2005) showed that water accumulation beneath devegetated soil could induce downward liquid fluxes of 3 H that were orders of magnitude greater than other flux mechanisms.
Despite the observed widespread distribution of contamination, 3 H within sub-root-zone gravel represents a small fraction of the total 3 HHO g+l mass disposed of at the facility. For example, Garcia (2007) estimated that 61.3 g of 3 HHO g+l was disposed of during operations at the LLRW facility (decay corrected to 2003 mass), which equates to 39.4 g when corrected to 2011 mass. This disposed-mass value is >10 5 times greater than the 2011 total subroot-zone gravel 3 HHO g+l mass calculated for the mass balance control volume (1.2 ´ 10 −4 g).
Implications for Long-Term Waste Disposal
Previous field studies at the ADRS have documented theoretically unexpected, long-distance lateral transport of 3 H in the unsaturated zone Garcia et al., 2009 ), but the mechanisms controlling lateral transport have not been resolved (Striegl et al., 1996; Mayers et al., 2005 ). Unexpected distributions of 3 H have also been reported at other disposal sites (e.g., Dirkes et al., 1999 ). In addition to 3 H, widespread distributions of other gasphase contaminants (e.g., elemental Hg, radiocarbon, and volatile organic compounds) have been documented at the ADRS. While the distribution of radiocarbon can be explained by gas-phase diffusion (Striegl et al., 1996) , the distribution of elemental Hg is currently unexplained by theoretical transport models (Walvoord et al., 2008) . The mechanisms controlling the distribution of volatile organic compounds (Baker et al., 2012) are the subject of a current investigation.
Although little is known about waste-source gas generation within LLRW burial sites, this process may have contributed to the pre-2001 transport of 3 H from the LLRW area into the adjacent unsaturated zone. For example, the mixed waste, which contains both radioactive and volatile organic compounds, may contribute to gas generation within the LLRW area. Additionally, studies have shown that LLRW leachate is not sterile (Francis et al., 1980) , and therefore microbial processes may also contribute to gas generation. Simulations of gas generation at municipal landfills have shown that gas production peaks soon after disposal and decreases exponentially thereafter. Stauffer and Rosenberg (2000) showed that 70% of the total gas generated during the life of a simulated landfill was produced within the first 20 yr, and Nastev et al. (2001) showed that 94% was produced within 50 yr. Although speculative, some degree of analogous behavior for buried LLRW could help explain the observed widespread 3 H distribution and www.VadoseZoneJournal.org p. 14 of 15 the lack of evidence for waste-source 3 H input during this study, which was performed about 10 to 20 yr after facility closure and about 40 to 50 yr after initial disposal. Further research is needed to determine the role that gas-generation processes play in the transport of contaminants away from LLRW burial sites.
Disposal of LLRW in arid unsaturated zones is designed to isolate contaminants and minimize human exposure. Fluxes estimated along two plume-intersecting transects show that upward migration of 3 H into the root zone dominated shallow 3 H movement beneath native, vegetated soil during the study period. While much focus is placed on isolating LLRW from the groundwater, large-scale, distributed, upward migration of 3 H to the terrestrial environment is a little-acknowledged but noteworthy release pathway that may increase human exposure risk from LLRW burial sites.
Spatial moment analyses provided valuable quantitative assessments of gas-phase plume migration to substantiate qualitative observations. The versatility of these techniques was demonstrated by their novel application in this study. While the half-life of 3 H is relatively short, additional long-lived contaminants such as radiocarbon (5730 yr half-life) present a more persistent hazard from LLRW. The spatial moment techniques used here to evaluate 3 H behavior are probably transferable to radiocarbon and other gasphase contaminants of concern at waste repositories in arid and semiarid environments.
Conclusions
Elevated 3 HHO g concentrations measured in root-zone soil and sub-root-zone gravel along two plume-intersecting transects within 200 m of the closed LLRW facility generally decreased with time during the study period (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . However, increases in sub-root-zone gravel concentrations along some plume margins indicated continued plume spreading. Upward-directed diffusivevapor mass fluxes estimated from transect data were shown to be the largest component (>90%) of the total vertical 3 HHO g+l movement from the sub-root-zone gravel beneath native, vegetated soil; diffusive-liquid, dispersive-vapor, and advective-liquid mass fluxes were one or more orders of magnitude smaller. Within the main bodies of two plumes, the average upward-directed diffusivevapor fluxes from sub-root-zone gravel were at least one order of magnitude greater than the average lateral diffusive-vapor fluxes within the sub-root-zone gravel. This finding suggests that vertical migration of 3 H dominated plume dynamics during the study period, highlighting the role of the terrestrial environment and atmosphere as a 3 H sink.
Quantitative measures of long-term, plume-scale behavior were evaluated using plume-scale data and spatial moment techniques. To our knowledge, this is the first application of spatial moments to the study of gas-phase contaminant plumes in the unsaturated zone. Temporal changes in sub-root-zone 3 HHO g mass showed that the plume mass decreased by about 70% during 2001 to 2011, while the plume footprint simultaneously increased in size by 9%. The time rate of change in the center-of-mass location for the west plume indicated negligible bulk-plume movement (within margins of error). The south plume center of mass showed evidence of movement that may reflect the interactive influence of Fickiantype diffusive spreading of the west plume, rather than advection stemming from the LLRW disposal area itself. Increases in the spatial covariance tensor for both the south and west plumes were observed with time, substantiating other observations of plume spreading. Field-scale dispersion coefficients derived from spatial covariance tensors were generally consistent with theoretical 3 HHO g dispersion.
Mass balance analyses were performed using plume-scale data to compare the magnitudes of losses from radioactive decay and upward-directed diffusive-vapor flux to the observed changes in sub-root-zone gravel plume mass. Results indicate that losses from radioactive decay and upward-directed diffusive-vapor fluxes accounted for the majority of the observed plume-mass declines and substantially exceeded any continuing 3 H contribution to the plume from the LLRW disposal area during the study period.
